High-density lipoprotein (HDL) protects against atherosclerosis. Endothelial lipase (EL) has been postulated to be involved in lipoprotein, and possibly HDL, metabolism, yet the evidence has been scarce and conflicting. We have inactivated EL in mice by gene targeting. EL ؊/؊ mice have elevated plasma and HDL cholesterol, and increased apolipoproteins A-I and E. NMR analysis reveals an abundance of large HDL particles. There is down-regulation of the transcripts for phospholipid transfer protein, but up-regulation of those for hepatic lipase and lipoprotein lipase. Plasma lecithin:cholesterol acyltransferase is unchanged despite an increase in hepatic mRNA; lecithin:cholesterol acyltransferase activity toward endogenous EL ؊/؊ substrate is, however, reduced by 50%. HDL clearance is decreased in EL ؊/؊ mice; both the structure of HDL and the presence of EL are factors that determine the rate of clearance. To determine EL's role in humans, we find a significant association between a single-nucleotide polymorphism 584C͞T in the EL (LIPG) gene and HDL cholesterol in a well characterized population of 372 individuals. We conclude that EL is a major determinant of HDL concentration, structure, and metabolism in mice, and a major determinant of HDL concentration in humans.
L
ow high-density lipoprotein (HDL) is the most common lipoprotein abnormality in patients with atherosclerotic cardiovascular disease (1) . It is generally accepted that HDL protects the vessel wall against atherosclerosis development. A number of mechanisms have been proposed for the protective function of HDL. HDL may be a crucial transport vehicle that delivers cholesterol from the periphery back to the liver for disposal, a process known as ''reverse cholesterol transport'' (2) . It may protect low-density lipoprotein (LDL) from oxidation, a process that greatly increases its atherogenicity (3) . In addition, HDL may inhibit the inflammatory response and down-regulate the production of adhesion molecules by endothelial cells (4) ; it also has anticoagulant properties on the vessel wall (5) and facilitates the production of nitric oxide, a vasculoprotective molecule (6) .
Endothelial lipase (EL) is a recently identified molecule that has been proposed to play a role in lipoprotein, and perhaps HDL, metabolism (7) . EL displays substantial sequence similarity to lipoprotein lipase (LPL) and hepatic lipase (HL), the other two members of the vascular lipase gene family (8) . Like LPL and HL, EL has triglyceride lipase activity; however, compared with the other lipases, it has substantially greater phospholipase activity (8, 9) . EL is produced by endothelial cells as well as by the liver, lung, macrophage, testis, ovary, and placenta (8) . The literature on the possible physiological function of EL is confusing and conflicting (7) (8) (9) (10) . Hirata and colleagues (8, 10) postulated that EL plays an important role in angiogenesis. On the other hand, Jaye et al. (7) showed that massive overexpression of EL in the liver by adenovirusmediated gene transfer in mice causes marked depletion of HDL, together with a major reduction in non-HDL lipoproteins. However, McCoy et al. (9) found that EL is completely inactive in vitro in the presence of serum, and deLemos et al. (11) found no significant difference in allele frequencies of six polymorphisms in the EL (LIPG) gene between individuals with normal and those with high HDL cholesterol (HDL-c). Thus, the physiological role of EL in lipoprotein metabolism, if any, is unknown. In this communication, we have inactivated the EL gene in mice by gene targeting and examined the effect of absence of EL on lipoprotein metabolism in vivo. Our analysis indicates that EL is a major determinant of HDL concentration, structure, and metabolism. To determine whether EL plays a significant role in the determination of plasma HDL levels in humans, we analyzed the frequency of a specific singlenucleotide polymorphism (SNP) in LIPG in a well characterized population of 372 individuals and found a significant association of the SNP with HDL-c level, indicating that EL is a major determinant of HDL concentration in humans.
Materials and Methods
Generation of Endothelial Lipase Knockout Mice. Endothelial lipase (EL) genomic DNA was isolated from a mouse strain 129 DNA BAC library (Genome Systems, St. Louis). A 12-kb XbaI fragment containing the first to the third exon was used to construct the targeting vector. A replacement-type targeting vector, containing the PGK-NEO-bpA (NeoA) and herpes simplex virus thymidine kinase (TK) cassette, was used to generate the construct. A Neo cassette was inserted to replace exon 2 of the endothelial lipase gene (see Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org). We used R1 embryonic stem (ES) cells and generated knockout clones as described (12) . Nine positive R1 ES cell clones were injected into C57BL͞6J blastocysts, and chimera mice were crossed to C57BL͞6J mice and germ-line transmission was confirmed in eight. Mice were weaned at 21 days and fed eithercolumns connected in series (Pharmacia FPLC System, Amersham Pharmacia Biotech). Fractions of 0.5 ml were collected with an elution buffer (1 mM EDTA͞154 mM NaCl͞0.02% NaN 3 , pH 8.2) as described (12) : fractions 4-9, very low-density lipoprotein (VLDL); 10-20, intermediate-density lipoprotein (IDL)͞LDL; and 22-32, HDL. Northern blotting and immunoblotting by using the probes and antibodies identified in the figure legends was performed as described (12) . Immunoblots were developed by chemiluminescence. Goat anti-human apolipoprotein A-I, E polyclonal antibodies, and mouse antiactin monoclonal antibody were purchased from Chemicon. Rabbit anti-scavenger receptor BI (SR-BI) polyclonal antibody was purchased from Novus Biologicals (Littleton, CO). Polyclonal antibodies to mouse apoA-II and lecithin:cholesterol acyltransferase (LCAT) were gifts from Gustav Schonfeld (Washington University School of Medicine, St. Louis) and John S. Parks (Wake Forest University Medical School, Winston-Salem, NC), respectively.
NMR Lipoprotein Analysis.
Lipoprotein subclass profiles were measured on frozen aliquots (100 l) of EDTA plasma by proton NMR spectroscopy at LipoScience as described (13) . The diameter ranges of the five HDL subclasses quantified by NMR were determined by calibration using purified HDL subclasses characterized by gradient gel electrophoresis. The designations of the NMR-derived HDL subclasses and their estimated diameter ranges are as follows: H1, 7.3-7.7 nm; H2, 7.8-8.2 nm; H3, 8.3-8.8 nm; H4, 8.9-10.0 nm; and H5, 10.1-13.0 nm. In some analyses, the three largest and two smallest HDL subclasses were grouped together and called H345 and H12, respectively. Concentrations of the HDL subclasses are expressed in units of cholesterol (mg͞dl), mean HDL particle size was determined by weighting the relative percentage of each subclass by its diameter, and HDL subclass particle concentrations were expressed in particles number (nmol͞liter) as derived from raw NMR data as described (14) .
LCAT Activity Assay. LCAT activity was assayed using an artificial substrate proteoliposome of apoA-I:cholesterol:lecithin according to the method by Chen and Albers (15) . Mouse plasma (15 l) was incubated with the labeled substrate for 1 h at 37°C. Plasma LCAT activity against endogenous substrate (endogenous esterification rate) was measured by using the lipoproteins of the whole plasma as substrate as described (16 3, 6, 10, 15, 30 , and 60 min and 3, 6, 10, and 24 h after injection. The plasma decay curve was used to fit an exponential curve by computer analysis. The fractional catabolic rate (FCR) was calculated as the inverse of the area under the decay curves as described (18, 19) .
Human Population Genotyping and Phenotypic Correlation. The design of the Lipoprotein and Coronary Atherosclerosis Study (LCAS) is described in ref. 20 . Genotyping was performed by PCR-restriction fragment length polymorphism and confirmed by cycle sequencing. LIPG genotypes were determined using mutagenic oligonucleotide primers with sequences 5Ј-CATGAGCTGAGATTGTTGTCAGTGC-3Ј and 5Ј-CAGT-CAACCACAACTACATTGGCGTCTTTCTCTCAT-3Ј. The 254-bp product was typed with two restriction enzymes. For the C allele, there was no site for NdeI, whereas NlaIII produced a 250-bp band; for the T allele, NdeI digestion produced 217-and 37-bp products and NlaIII produced 213-and 37-bp products. An investigator who had no knowledge of the clinical and angiographic data performed the genotyping. Two people read the genotypes and all ambiguous genotypes were repeated and sequenced. For phenotype-genotype correlations, continuous variables were expressed as mean Ϯ SD. Differences among the genotypes were compared by ANOVA or Kruskal-Wallis test, as appropriate. Distribution of the categorical variables was compared using the Pearson 2 test. Genotype-by-treatment interactions were assessed using ANOVA (General Linear Model).
Results and Discussion
Targeted Disruption of EL in Mice. Targeted disruption of the EL gene (see Fig. 6a ) was designed to delete exon 2 and parts of the flanking introns. Germ-line transmission was confirmed by tail blots (see Fig. 6b ). The disruption led to an absence of detectable EL mRNA expression in liver (see Fig. 6c ). Three independent knockout mouse lines were established by intercrossing heterozygous animals. They displayed identical phenotypes. Experiments were performed initially in EL ϩ/Ϫ and EL Values are expressed as mean Ϯ SD. TG, triglyceride; CHOL, total cholesterol; PL, total phospholipids (n ϭ 8 -11). * , Significant difference between ϩ͞ϩ and ϩ͞Ϫ or Ϫ͞Ϫ (P Ͻ 0.05); ** , Significant difference between ϩ͞ϩ and ϩ͞Ϫ or Ϫ͞Ϫ (P Ͻ 0.01).
respectively). Total plasma phospholipid was increased 52.8% in EL Ϫ/Ϫ mice, but EL ϩ/Ϫ mice did not show any significant change. Plasma triglyceride was similar in all three groups. On high (1.23%)-cholesterol diet feeding, plasma lipids rose in all groups. EL Ϫ/Ϫ mice continued to display higher total cholesterol (53.2%), HDL-c (51.4%), and phospholipid (47.6%). Their plasma triglyceride level rose more than that in wild-type mice (52.3% higher). Again, EL ϩ/Ϫ mice on the high-cholesterol diet showed an intermediate increase in plasma lipids ( Table 1) .
The absence of EL caused a selective rise in the HDL fraction (Fig. 1a) . On FPLC the HDL peak was both broader and higher in EL Ϫ/Ϫ compared with EL ϩ/ϩ mice. This change in HDL profile was reflected by higher total HDL-c, as well as a broadened distribution of apoA-I and apoE in the HDL region of the FPLC (Fig. 1a) . When the mice were fed a high-cholesterol diet, there was an exaggeration of the cholesterol in the HDL fractions, but the cholesterol in the chylomicron͞VLDL region was similar in the two types of mice (Fig. 1b) . The same changes in phospholipid and triglyceride distribution were apparent on the two types of diet ( Fig. 1 c-f ) ; there was also a tendency for these lipids to be higher in the chylomicron͞VLDL region on the high-cholesterol diet ( Fig. 1 d and f ) . mice. To directly test this hypothesis, we used NMR spectroscopy to measure the complete lipoprotein subclass profiles of the mice, including HDL subclass levels and mean HDL particle sizes.
On regular chow, VLDL and LDL particles are undetectable in most of the mice in both EL Ϫ/Ϫ and EL ϩ/ϩ groups. Levels of the smaller-size HDL subclasses (H12) were nearly identical but those of the larger-size HDL subclasses (H345) were much higher in the EL Ϫ/Ϫ group: 78.2 Ϯ 11.7 mg͞dl, compared with 52.9 Ϯ 7.6 mg͞dl in the EL ϩ/ϩ group (Fig. 2b) . This is consistent with the differences seen in HDL cholesterol levels measured by the standard precipitation method (Table 1 ). Another significant difference between the two groups is the increased number of the larger-size HDL particles, H4 and H5 (Fig. 2c) , in EL Ϫ/Ϫ . As a result, the mean HDL diameter was larger in the knockouts: 10.25 Ϯ 0.34 nm compared with 9.46 Ϯ 0.37 nm in wild type (Fig.  2a) . On the high-cholesterol diet, the same difference in HDL size and subclass distribution was observed between the EL Ϫ/Ϫ and EL ϩ/ϩ groups (Fig. 2a) . When we considered the percent distribution of the three classes of HDL particles, we detected a doubling in the proportion of the largest (H5) particles accompanied by a marked 4-fold reduction in the proportion of the smallest H3 HDL particles (Fig. 2d) . Thus, with the loss of function of EL, the changes in the NMR HDL subclass profiles suggest that both the increased abundance of larger HDL particles and the corresponding shift in distribution contribute to the increased HDL cholesterol level in these mice.
Absence of EL Affects Expression of Selected Gene Products That Are
Involved in HDL Structure and Metabolism. By immunoblotting, plasma level of apoB-100 andB-48, which play major roles in VLDL͞LDL and chylomicron metabolism, were not different between EL Ϫ/Ϫ and EL ϩ/ϩ mice (Fig. 3b) . A high-fat, highcholesterol diet raised the levels of both proteins equally in EL Ϫ/Ϫ and EL ϩ/ϩ mice (data not shown). In contrast, the plasma level of apoA-I and apoE, the major apolipoprotein components of HDL, were elevated in EL Ϫ/Ϫ mice (Fig. 3a) , and the difference between knockout and wild-type mice was maintained when these animals were fed a high-fat, high-cholesterol diet. Further analysis by Northern blotting revealed that the level of apoA-I or apoE transcripts in the liver was similar in EL Ϫ/Ϫ and EL ϩ/ϩ mice (Fig. 4a) . Therefore, the difference in plasma apoA-I and apoE was not caused by an increase in the transcription level; it was the result of a posttranscriptional regulatory mechanism.
We next examined the level of SR-BI, the major HDL receptor, in the liver of wild-type and knockout mice (Fig. 3c) . Immunoblotting detected no change in the amount of SR-BI protein in EL Ϫ/Ϫ mice. Thus, a change in SR-BI protein expression per se was not the basis for the higher plasma HDL in EL Ϫ/Ϫ mice. This was true whether the mice were on a regular chow or on a high-cholesterol diet. Furthermore, EL-deficient mice intercrossed into a SR-BI-deficient background displayed a stepwise change in plasma cholesterol level that suggests independent, additive function of the two genes on plasma cholesterol concentration (Fig. 3d) . We were unable to obtain sufficient number of mice that were homozygous for both knockout genes for study because of a very high embryonic lethality rate when both genes were nonfunctional.
Another molecule involved in cholesterol transport between tissues and the plasma compartment is ATP-binding cassette transporter A1 (ABCA1). By Northern blotting, we found that the level of ABCA1 transcripts in the mouse liver was unchanged in the presence or absence of EL (Fig. 4b) . Apart from SR-BI and ABCA1, HDL metabolism in mice could be modulated, directly or indirectly, by a number of enzymes, including LPL, HL, phospholipid transfer protein (PLTP), and LCAT. Northern blotting indicates that LPL and HL, the other members of the vascular lipase gene family, displayed up-regulation in the absence of EL (Fig. 4b) . Because EL, LPL, and HL together form the vascular lipase gene family and share some overlapping lipase activities, overexpression of the other two members of the family is likely the result of a compensatory response to the absence of EL function in these mice. The level of PLTP was, however, significantly depressed in EL Ϫ/Ϫ mice (Fig. 4b) . The role of PLTP in HDL metabolism is complex (21, 22) . Both PLTP knockout and PLTP overexpression in mice have been reported to be associated with low HDL (23, 24) . The marked downregulation of PLTP in the absence of EL is intriguing. It may be a response to the change in the structure or metabolism of the HDL, a major PLTP substrate, in EL Ϫ/Ϫ mice. The contribution of PLTP down-regulation to the lipoprotein phenotype observed in these mice will be the subject of future investigations.
LCAT is a major HDL-modifying enzyme. By Northern blotting we detected increased hepatic LCAT mRNA expression in EL Ϫ/Ϫ mice (Fig. 4b) . However, immunoblot analysis revealed no change in plasma LCAT mass (Fig. 4c) , and LCAT activity assayed with artificial proteoliposomes was unchanged in EL (Fig. 4e) . By this assay, LCAT endogenous esterification rate was reduced by Ϸ50% in EL Ϫ/Ϫ mice, indicating that, despite normal plasma LCAT concentration, the EL ϩ/ϩ HDL was a better LCAT substrate than EL Ϫ/Ϫ HDL, presumably because of differences in their structure and͞or composition.
Absence of EL Delays HDL Clearance in Vivo.
To study the effect of absence of EL function on HDL removal from the circulation, we determined the rate of disappearance of labeled HDL injected into mice of different genotypes. Significant difference compared with respective control group as indicated: * , P Ͻ 0.05; ** , P Ͻ 0.01. Normal and mutant HDL (nHDL and mHDL) decay curves and FCR in EL ϩ/ϩ and EL Ϫ/Ϫ mice on the chow diet. Radioactivity count in the first time point, 3 min after injection, was used as 100%. The decay of radioactivity in total plasma was plotted in logarithmic scale (n ϭ 7ϳ8). Table shows FCR values for each genotype and results are expressed as mean Ϯ SD. Significant difference compared with control wild-type group injected with normal HDL (nHDL 3 EL ϩ/ϩ ): * , P Ͻ 0.05; ** , P Ͻ 0.01.
from the circulation was determined over a 24-h period (Fig. 5) . The decay curves from this experiment displayed a decreasing rate of HDL removal from the circulation in the following order: nHDL 3 EL (Fig. 5) . Therefore, wild-type HDL injected into wild-type mice had the shortest residence time in the circulation, which is similar to what was reported previously (19) . In contrast, HDL from EL Ϫ/Ϫ injected into EL Ϫ/Ϫ mice was removed at the slowest rate from the circulation with an FCR that is 37% lower than that in the nHDL 3 EL ϩ/ϩ group. The injection of mHDL into wild-type mice or of nHDL into EL Ϫ/Ϫ mice displayed intermediate rates of disappearance. These data indicate that HDL structure and systemic differences between wild-type and EL Ϫ/Ϫ mice play significant and additive roles in HDL clearance. The absence of EL in the recipient mice substantially delayed clearance; similarly, mHDL that had not been acted on by EL also was cleared at a slower rate than nHDL that had been acted on by EL.
The elevated HDL-c and apoA-I in the absence of EL could offer protection against atherosclerosis. On the other hand, absence of EL function could have proatherogenic consequences as it interferes with HDL clearance, an important step in reverse cholesterol transport. Additional experiments are needed to determine whether the overall effect of EL inactivation is proor antiatherogenic.
EL Sequence Variants Are Associated with Plasma HDL Cholesterol in
Humans. We showed above that absence of EL is associated with reduced HDL removal from the circulation and an elevated HDL-c level in mice. An important issue is whether EL is a determinant of HDL-c in humans. A study by deLemos et al. (11) failed to find a difference in allele frequencies of EL (LIPG) gene variants between individuals with high HDL-c and those with normal HDL-c. Because allele frequency comparison between different populations is not a very sensitive method for detecting the contribution of a specific gene locus to a phenotype, we analyzed the genotype distribution of an SNP, 584C͞T, in LIPG in a well studied population (11) . This SNP produces a protein variant (T111I) with a high frequency compared with other SNPs and EL protein variants, which are extremely rare (11) . T111 is conserved between mouse and human EL and HL, but is not conserved in LPL. Because I111 is not a conservative substitution, it is possible that the EL variant T111I might possess altered enzymatic activity or property compared with the more abundant ''wild-type'' T111. We analyzed the frequency distribution of the 584C͞T SNP in a well characterized population from the LCAS (20) . The LCAS and selected substudies have been published (27) (28) (29) .
The complete genotype distribution of the 584C͞T SNP of LIPG is shown in Table 2 . The minor T allele has a frequency of 0.26 in the LCAS population. Demographic data, such as age, gender, ethnic background, height, weight, body mass index, systolic and diastolic blood pressure, waist͞hip ratio, and history of smoking, diabetes, and myocardial infarction are not significantly different among the different genotypes (data not shown). We detected a significant association of the 584C͞T (T111I) SNP in LIPG with mean plasma levels of HDL-c. Patients with the TT allele have a 14% higher mean HDL-c compared with those with the CC allele. In addition, there is also a strong association of the SNP with the mean plasma apoC-III concentration and the ratio of HDL-c͞LDL-c and apoA-I͞apoB in this population. Importantly, there is an allele-dependent variation in HDL-c, as well as these other parameters, with the rank order TT Ͼ CT Ͼ CC. The same allele-dependent rank order is evident when plasma apoA-I concentration alone is considered, although in this case the association does not reach statistical significance (P ϭ 0.076). The LCAS patients were followed for a 2.5-year period and we detected no significant association between the SNP and progression or regression of coronary lesions during this relatively brief period (data not shown). We also detected no significant genotype-by-treatment interactions between the LIPG 584C͞T SNP and response of HDL-c to fluvastatin therapy (data not shown). Taken together, the high HDL-c observed in EL Ϫ/Ϫ mice and the association of the 584C͞T SNP with HDL-c in a well defined human population strongly suggest that EL is a major determinant of plasma HDL-c in mice and humans.
The association between the LIPG gene SNP and plasma HDL-c in this study is at odds with that of deLemos et al. (11) . The apparent discrepancy is likely the result of different study designs. The previous study population consisted of selected black and white individuals vs. a group of white individuals with HDL-c levels greater than the 90th percentile. The LCAS, which was not preselected on the basis of HDL-c, was a prospective study of 372 subjects between 35 and 75 years old who had LDL cholesterol levels of 115-190 mg͞dl and Ն1 coronary lesion causing 30-75% diameter stenosis (27) . The LCAS subjects included only 27 (or 7%) African Americans, as opposed to the study of deLemos et al. (11) , which included 50% African Americans as the non-high HDL control for a high-HDL group consisting of 100% white subjects. Distribution of the 584C͞T genotypes among the LCAS subjects displayed Hardy-Weinberg equilibrium (P ϭ 0.91, comparing observed vs. expected genotypes), and the association between the 584C͞T genotypes and plasma levels of lipid and apolipoprotein parameters was independent of race, gender, or age. The P values and the progressive allele-dependent rank order of the association with the three 584C͞T genotypes were particularly strong for apoA-I͞apoB ratio, apoC-III, and HDL-c levels ( Table 2) . It has been estimated that each 1 mg͞dl increase in HDL-c level lowers cardiovascular mortality by 2-3% (30). In the Helsinki Heart Study (30), LOCAT (31) , and VA-HIT (32), changes in mean HDL-c levels of 3.9, 4.0, and 1.9 mg͞dl were associated with a significant decrease in the clinical event rate and cardiovascular mortality.
In the LCAS population, individuals homozygous for the T584 allele have a mean plasma HDL-c level that is 6.0 mg͞dl (14%) higher than individuals homozygous for the C584 allele. This difference would be considered significant in terms of vascular protection and potential outcome. Yet, we did not detect any association between cardiovascular mortality and the 584C͞T SNP. The apparent lack of protection could be caused by the relatively short follow-up period of only 2.5 years in the LCAS population. Alternatively, the protective effect of a high HDL-c could be dependent on the molecular mechanism behind the higher HDL-c concentration. It is thus also possible that the high HDL-c associated with the T allele of the 584C͞T SNP may not offer any protection. Additional studies are needed to resolve this important issue.
Note. In a recent review article, Choi et al. (33) commented on an unpublished study showing that mice homologous for EL-null alleles have elevated HDL cholesterol level, an observation that corroborates the data in the current study.
